SUMMARY Speckle is prominent on all cross sectional echocardiograms. In order to assess its effects on image quantification, frames from a sector scanner with a six bit grey scale were stored and processed off line to identify and smooth the speckle by means of an adaptive filter based on fully developed speckle. In 14 controls, 12 patients with hypertrophic cardiomyopathy, and 12 with secondary left ventricular hypertrophy, filtering significantly reduced the standard deviation of echo intensity, which was used as a measure of the scatter of pixel amplitude, in all three groups (by 52%, 46%, and 46% respectively). The mean value of back-scattered echo intensity itself, however, was reduced by only 7%, 5 %, and 8% respectively, and median values were not affected at all. Mean (SD) left ventricular cavity areas on the apical four chamber view were significantly increased from 26 (15) to 30 (17) cm2. The valve dimensions in the parasternal minor axis in 10 patients with mitral stenosis were significantly increased by 11% laterally, but were unaffected anteroposteriorly. Subjective image quality was appreciably modified: endocardial boundaries in apical views were enhanced and the septal "ground glass" appearance was lost in hypertrophic cardiomyopathy.
Speckle is present on all echocardiograms and gives them their characteristic granular appearance. Like noise it degrades the image, but unlike noise it is at least in part determinate-that is it is not random in its origin. Also, unlike electrical noise the global statistical properties of speckle, such as the grey scale histogram and spatial frequency spectrum, are predictable and specific to the imaging system being used.' These differences suggest it might be possible to identify and remove speckle from images by processing them.
We investigated such a system, based on adaptive filtering, and examined how it affected measurements often made on cross sectional echocardiograms: that is the local echo amplitude, the area enclosed by the ventricular cavity, and the dimensions of mitral valve orifice.
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Accepted for publication 2 May 1989 Patients and methods Echocardiograms were recorded with an ATL 860 (6 bit) The system was implemented on a Tandon PCA desk top computer. We derived the pixel distribution for fully developed speckle for our echocardiograph from a standard Nuclear Associates tissue-equivalent phantom at mid-depth. All scatterers within it, except for a set of wires, were assumed to be very small in comparison with the wavelength of ultrasound used. A matrix size of5 x 5 pixels proved most satisfactory for processing, and values for g were usually in the range 1 3-1-5 depending on the image being studied. Video frames to be analysed were transferred from tape to a 512 x 256 x 6 bit frame store. We identified appropriate areas of interest, approximately 15 x 15 pixels; the local mean, median, and standard deviation were calculated for each and printed out, along with numbers of pixels at each ofthe 52 grey scale levels used. The frequency histogram was also displayed in analogue form on the image; this proved useful when we studied myocardial echoes because an obviously bimodal form usually meant that we had mistakenly included specular echoes (that is those reflected from large flat surfaces) within the area of interest. We could filter either the area of interest alone or the whole image; the whole image took approximately 70 s to complete when the matrix size was 5 x 5 pixels. Figure 2 shows the effect of speckle reduction on an image arising from a standard phantom. The unprocessed image (top panel) shows high amplitude echoes arising from wires embedded in it against a background of speckle. The middle panel shows the effect of the filter. The images of the wires are unaltered-indeed, their boundaries seem even more sharply defined than on the unprocessed image, but the speckle is much less prominent. The lowest panel is the result of subtracting the upper panel from the middle panel. Its amplitude has been doubled for clarity. It thus shows what has been removed from the original image by the filter. There is clearly no structural information at all here. Instead its texture is granular and virtually uniform. The unprocessed image can thus be thought of as combining this speckle pattem with the structural information shown in isolation in the middle panel.
EFFECT OF SPECKLE REDUCTION ON A PHANTOM

EFFECT OF SPECKLE REDUCTION ON BACK-SCATTERED AMPLITUDE IN PATIENTS AND CONTROLS
The effect of reducing speckle on the amplitude of back-scattered echoes from myocardium was studied in 12 patients with typical hypertrophic cardiomyopathy (diagnosed on clinical and echocardiographic criteria), 12 The apparent left ventricular cavity area was consistently larger after speckle reduction (fig 4) . The mean value rose from 26 (15) cm' to 30 (17) cm' on the processed image (p < 0 002), the increase being at least 1 cm2 in each patient. Subjectively, we noted that the internal boundary ofthe cavity became much clearer, making it easier to digitise (fig 4) .
ORIFICE DIMENSIONS OF THE MITRAL VALVE
On the parasternal minor axis view, mitral valve dimensions in the anteroposterior direction were unaffected by speckle reduction, the mean (SD) being unchanged at 21 (12) mm. The transverse dimension, however, increased from 36 (9) mm on the unprocessed image to (40) (12) after filtering ( fig  5) (p < 0-002) . Again, the apparent boundary of the orifice became much clearer after the image had been processed.
Discussion
Speckle is prominent in all ultrasound images. It is probably caused when wave fronts from targets that are too small to be individually resolved at the wavelength of ultrasound used interfere with one another. The exact pattern seems to depend mainly on the echocardiograph used, and it is still not certain whether it conveys any structural information at all.
Quantitative effects of speckle reduction on cross sectional echocardiographic images The overall result of speckle, however, is to degrade fine detail, so it was of interest to examine how cardiological images were altered when it was substantially reduced.
There are several ways in which this might have been done. Speckle can be treated simply as noise and reduced by frame averaging or smoothing. While this would certainly reduce its overall effect, spatial and temporal information would also be lost. A second approach would be to use more than one transducer -again this might have been possible with a static organ, but it would be quite impracticable for the heart without losing diagnostically valuable information. Our approach identified the speckle pattern characteristic of the echocardiograph we used, determined its statistical features, and smoothed it on the image. This approach proved feasible, and it may well be possible to implement it in real time. The median pixel level did not change, and the mean pixel level fell very slightly. The scatter of pixel levels around these mean values, however, was strikingly reduced. Using the phantom, we showed that our ability to detect high frequency detail was unaffected. Further, had there been any non-specific smoothing, we would have found it on the subtraction image where it would have appeared as high frequency boundaries to the structural features. Altogether, the way regional amplitude and local pixel distribution changed was quite compatible with speckle reduction, and cannot be explained by simple smoothing of the image.
It seems to be generally accepted that echocardiograms are granular, and thus qualitatively different from the images produced by other methods such as computed tomography or magnetic resonance imaging. Does a granular texture reflect anything fundamental about myocardium? There is some clinical evidence to suggest that it might. A "ground glass appearance" ofthe septum is said to be characteristic and even diagnostic of hypertrophic cardiomyopathy. 4 Myocardial texture has been analysed on the basis of the presence, distribution, and size of what are described as "highly refractile bodies". 6 The myocardium is unusual among the cardiac structures commonly studied by echocardiography, in being detected almost entirely from back-scattered echoes rather than from specular reflection, as are the valves and endocardial surfaces. These back-scattered echoes arise from targets that are small compared with the wavelength ofultrasound used, and so the resulting image is likely to be more sensitive to the effects of speckle than one based mainly on specular echoes. Not surprisingly, therefore, the effect of reducing speckle by a system based on single feature criteria on myocardial texture was profound. It no longer appeared granular, even in patients with hypertrophic cardiomyopathy or secondary left ventricular hypertrophy, implying that the apparent texture in the unprocessed images had corresponded very closely with the criteria we used to identify fully developed speckle. By contrast, median pixel levels, which are not affected by speckle, were unaltered. We conclude that the granular appearance within the myocardium in these patients need not reflect underlying structure in any significant way. We did not establish whether the appearances shown by filtering had any anatomical basis. This will require further study.
Areas are often measured routinely on cross sectional images so we studied two examples. In patients with rheumatic mitral stenosis the anterioposterior dimension of the valve orifice was unaffected by filtering the image but the lateral dimension was consistently larger, so that the calculated area increased. The apparent left ventricular cavity area as assessed in the apical four chamber view was approximately 15% larger when measured on processed images. This increased to 25% when the volume was estimated. These differences are large enough to be clinically significant. The effect of processing on the apparent area seemed to be related to the way in which the image of the corresponding boundary was generated. On the short axis parasternal cut that is traditionally used to measure mitral valve area a leading edge defines the apparent orifice only along the anterior surface of the posterior cusp. The trailing edge of the anterior cusp forms its anterior border, while the commissures are defined by lateral resolution. Thus both they and the ventricular cavity on the apical four chamber view are outlined by backscattered rather than reflected echoes and so they are likely to be particularly sensitive to the effects of superimposed speckle. It follows that even a measurement so seemingly unambiguous as the area enclosed by what appear to be clear anatomical boundaries on an echocardiogram depends critically on how the image is generated.
Smoothing,7 frame averaging,8 boundary enhancement,9 0 and colour coding2 have been examined for their possible value in processing echocardiograms. All these manoeuvres have in common a non-specific algorithm, so their value is limited to accentuating information already present on the unprocessed image. More complex analysis requires that the processes underlying image generation be better understood, so that confounding factors can be identified and removed. Speckle reduction seems to be a step in this direction, though the physics of its production do not have to be understood in detail for its effects to be quantified and isolated. We hope to improve these methods so that they can be used in real time, rather than simply 304 Massay, Logan-Sinclair, Bamber, Gibson on individual frames. Ideally, echocardiographs would be designed to eliminate speckle as the original data are collected rather than to remove it retrospectively from the final image as we have done. As the interaction between ultrasound and tissues becomes more clearly understood, we expect that equipment design will improve so that the resolution and information content of images will correspondingly increase.
